To determine the degree of retinal penetration of intravitreal tenecteplase in a porcine model. METHODS. Fluorescence-tagged tenecteplase (50 g in 0.1 mL physiologic saline) was injected into the vitreous of the right and left eyes at 24 and 6 hours before death, respectively, in six nonvitrectomized pigs. Retinal penetration was assessed on frozen sections by epifluorescence microscopy and statistical analysis was performed. Frozen sections of two eyes without injection (control) were also assessed. RESULTS. Labeling of fluorescence-tagged tenecteplase was seen in all the layers of the retina at both time points with more intense signal at 24 hours after injection (P Ͻ 0.05). CONCLUSIONS. Fluorescence-tagged tenecteplase can penetrate all the layers of the retina of porcine eyes after intravitreal injection. Intravitreal tenecteplase may be useful in the in the management of subretinal hemorrhage. (Invest Ophthalmol Vis Sci.
Toxicity profiles for tPA injected intravitreally were established in both rabbit 16 and cat 17, 18 retina. In humans, retinal toxicity is variable and toxic effects have been reported at what is considered by some to be therapeutic doses. 19, 20 Recently, a third-generation thrombolytic agent has been developed to address some of the shortcomings of tPA. Tenecteplase (TNK) is a variant of native tPA that has been produced by recombinant DNA technology, having undergone multiple-point mutations at the T, N, and K domains. 21, 22 TNK has been tested extensively in clinical trials [23] [24] [25] for the treatment of myocardial infarction. The issue of retinal toxicity of intravitreal TNK has been addressed in a previous study. 26 Doses of up to 100 g TNK appear to be safe for intravitreal injection in rabbits, with no evidence of retinal toxicity. These data suggest a wider therapeutic window for TNK than for tPA and may indicate that higher doses of TNK can be used, which may be more effective in dissolving thicker SRHs.
The purpose of this study was to determine whether TNK can pass through the retina to reach the subretinal space after intravitreal injections into nonvitrectomized eyes in a porcine model.
MATERIALS AND METHODS
All animal procedures were approved by the Animal Ethics Committee of the University of Western Australia and conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the policies in the Guide to the Care and Use of Laboratory Animals of the National Institutes of Health.
Seven pigs (ϳ10 kg each) aged 4 weeks were used in the study. Six pigs received bilateral intravitreal fluorescence-conjugated TNK injections in a two-stage procedure, with the right and left eyes receiving injections 24 and 6 hours before death, respectively. The right eye was injected first, followed by the left eye 18 hours later. Fluorescencelabeled TNK was injected into the midvitreous cavity under direct vision through the operating microscope and contact lens. TNK (Metalyse; Boehringer Ingelheim, NSW, Australia) was conjugated with a superior, highly photostable green fluorescent dye, AlexaFluor 488 (C 39 H 44 N 8 Na 2 O 13 S 3 ), with an excitation and emission maxima of 495 and 519 nm (custom synthesis of TNK by Invitrogen [Eugene, OR] for Invitrogen Australia Pty Ltd). Conjugation was performed according to the method described by Kamei et al., 15 in which the L-arginine (vehicle) of tPA was replaced with N-acetyl arginine, conjugated with the dye and thereafter separated with L-arginine as the eluting solvent.
Six of the pigs were sedated with an intramuscular injection of 4.4 mg/kg Zoletil 100 (250 mg Tiletamine and 250 mg Zolazepam; Virbac Laboratories, Ltd., Peakhurst, NSW, Australia). The animals were then masked and maintained on halothane, oxygen, and nitrous oxide. The pupils were dilated with 2.5% phenylephrine hydrochloride and 1% tropicamide. A 26-gauge needle was introduced into the vitreous cavity transsclerally, 2 to 3 mm posterior to the superotemporal limbus and under direct vision through a planoconcave contact lens and an operating microscope. The needle bevel was visualized in the midvitreous cavity and 0.1 mL of the fluorescence-TNK conjugate at a concentration of 50 g/0.1 mL physiologic saline solution was injected into each eye at the specified time points. To ensure the stability of the fluorescence-TNK conjugate, the drug was freshly diluted just before injec-tion. The needle was left in situ for a further 20 seconds after injection it was withdrawn, to avoid reflux from the entry site. Chloramphenicol ointment 1% (Chlorosig; Sigma Pharmaceuticals Ltd., Castle Hill, Australia) was applied to the eyes after surgery, and the pigs were allowed to recover before death. One normal pig without injection was used as the control.
For histologic analysis, all the experimental and control eyes were enucleated and fixed in 4% paraformaldehyde for 24 hours at 4°C. Four retinal samples, each measuring 3 mm 2 , were taken from the posterior pole of each eye. The samples were embedded in optimal cutting temperature compound (OCT; Pro Sci Tech Pty Ltd., Kirwan, Queensland, Australia) in frozen blocks. Ten-micrometer-thick sections were cut on a cryostat (CM 3050S; Leica, Heidelberg, Germany). Sections were analyzed and photographed without performing any other procedures in order to avoid washing away labeled protein/TNK. The distribution of the labeled protein was visualized under an epifluorescence microscope equipped with a fluorescence-relevant detection filter (excitation and emission maxima 495 and 519 nm). To ensure that the fluorescence distribution and intensity are related only to the amount of TNK present, all the observations and photographs were taken at a preset setting on the microscope which was used for all the sections in the analysis. The intensity of the fluorescence-labeled TNK signal of all the retinal samples from the 6-and 24-hour time points was evaluated and graded from coded photographs according four grades: 0, no fluorescent signal above that of background auto fluorescence; 1, weak; 2, moderate; and 3, intense fluorescent labeling above background autofluorescence. Statistical analysis for significance was performed with Wilcoxon's matched signed rank test for nonparametric data.
RESULTS
The central retinal artery was observed to be patent in all eyes, and no retinal damage was seen in any of the eyes after the injections at the time of surgery. Fluorescence-labeled TNK, when injected into the midvitreous cavity under direct vision through the operating microscope and contact lens, pooled in the vitreous and fluoresced bright green.
On examination of the frozen sections through a fluorescence-relevant detection filter, autofluorescence was observed in all the eyes, including those injected with fluorescencelabeled TNK and in the control eye without injection. Autofluorescence appeared yellow in a linear configuration along the retinal pigment epithelium, brown in the rod outer segments and red blood cells within the retinal blood vessels, and a faint green in the outer nuclear layer choroid and sclera. Autofluorescence of the sclera was more marked.
In the control animal, Autofluorescence was observed in both eyes ( Fig. 1) . At 6 hours after injection (left eyes), in addition to autofluorescence, a weak fluorescent signal (grade 1) was observed in four of the six eyes in all the layers of the retina, including the inner limiting membrane, ganglion cell layer, inner nuclear layer, photoreceptor cell layer, and plexiform layers. The signal was more pronounced at the level of the inner segments of the photoreceptor cell layer, along the internal limiting membrane (ILM) and matrix surrounding the retinal ganglion cell axons. Fluorescence also appeared above the inner limiting membrane in one of the eyes (Fig. 2) .
In two of the six eyes 6 hours after injection, no difference was found compared with the autofluorescence in the control eyes. Fluorescence was seen above and close to the inner limiting membrane in one of the eyes. There was no distinct green fluorescent labeling of the rest of the retinal layers.
At 24 hours after injection of labeled TNK (right eyes), bright green fluorescence of labeled TNK was seen in the all six eyes in all the layers of the retina at varying intensity (Table  1) : intense signal (grade 3) in three of the six eyes (Fig. 3) , moderate (grade 2) in two, and weak (grade 1) in one. Fluorescence was seen just above the inner limiting membrane in five of these eyes. Wilcoxon's matched signed rank test for nonparametric data showed a significant difference between the signals at 6 and 24 hours after injection (P Ͻ 0.05).
DISCUSSION
To remove SRHs atraumatically, subretinal tPA was used. Through dissolution of fibrin, tPA can reduce the fibrin-medi-FIGURE 1. Epifluorescence micrographs of a frozen section of a normal porcine retina taken from the posterior pole, as seen through a fluorescence-detection filter. Autofluorescence label was yellow in a linear configuration along the retinal pigment epithelium (RPE), brown in the rod outer segments (double arrow) and red blood cells (arrow) within the retinal and choroidal blood vessels, and faint green in the outer nuclear layer (ONL) of the photoreceptor cells, choroid, and sclera (SC).
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Tenecteplase Retinal Penetration 2663 ated clot adherence to the retina and thus reduce photoreceptor damage during its removal. The liquefied SRH may also be evacuated through a small retinotomy, minimizing surgeryinduced damage to the retina and RPE. Early results were promising, but there were limitations with subretinal tPA injection. Vitreoretinal surgery including retinotomy has potential complications: a long intraoperative waiting time for fibrinolysis to occur, the moderate fibrin affinity of tPA, and the risk of retinal toxicity at high doses. 19 Intravitreal tPA injection and pneumatic displacement of subretinal blood away from the fovea was originally described by Heriot (unpublished data, 1997). He was able to displace blood away from the fovea successfully in 19 of 20 eyes. Hassan et al. 6 reported a similar high success rate in a multicenter, retrospective, noncomparative case study. The complication rate appeared to be low. Ohji et al. 8 demonstrated that intravitreal injection of gas without tPA, followed by prone positioning, was effective in displacing submacular blood in 60% of eyes in this small series. However, it has been suggested that patients in whom thick blood is apparent beneath the RPE in the foveal area and those with massive hemorrhages (extending well beyond the vascular arcades) are not good candidates for this procedure. 27 Although it was noted in an animal model that the color of the clotted blood changed after intravitreal injection of tPA, there has been doubt as to whether tPA can diffuse through the retina to reach the subretinal space. 28 Drug delivery to the outer retina via the vitreous poses a great challenge because of the diffusional barriers of the neural retina 15,29 -31 caused by its anatomic and physiological characteristics. The inner and outer limiting membranes and the interphotoreceptor matrix of the neural retina are rich in glycosaminoglycans, [32] [33] [34] [35] which may have diffusional barrier properties. It has been proposed that molecular weight and, more important, the charge of molecules introduced into the vitreous may affect their ability to diffuse across the membranes. 31 The cationic charge of a molecule is a limiting factor to diffusion, probably due to its binding to biomacromolecules of the neural retina, especially in the inner limiting membrane, and therefore is poorly transferred through the retina, whereas for anionic or neutral charge molecules, this is unlikely to happen. Kamei et al. 15 have demonstrated in rabbits (Dutch-pigmented) that tPA conjugated to negatively charged fluorescein isothiocyanate (FITC; Invitrogen; molecular probes product information sheet) injected intravitreally does not penetrate the retina. In their study, FITC-labeled tPA was present at the vitreous surface of the retina in a linear array in all 36 eyes studied. No FITC signal was observed in the neural retina or in the eyes with the subretinal clot.
Kamei et al. 15 believed that the inability of tPA to penetrate the retina was not due to a diffusional barrier to molecules of the size of tPA (70 kDa), as albumin with a molecular mass (68 kDa) similar to tPA has been shown to reach the subretinal space from the vitreous after experimental retinal detachment. 36 Takeuchi et al. 36 reported that FITC conjugated to albumin made no difference in the rate of diffusion through the retina of this molecule from the vitreous, in an experimental model of retinal detachment in the rabbit. 36 Kamei et al. 15 attributed the failure of tPA to penetrate the retina to specific binding to heparin and fibronectin, explaining why in their experiment the labeled tPA pooled along the internal limiting membrane and the vitreous cortex. 15 In our study, TNK, which is a molecule very similar to tPA conjugated to AlexaFluor with a charge similar to that of FITC (Invitrogen; molecular probes FIGURE 2. Epifluorescence micrographs of a frozen section of porcine eye injected with fluorescently labeled TNK, taken from the posterior pole of the retina at 6 hours after surgery, as seen through a fluorescence-detection filter. The autofluorescence labeling is as described in Figure 1 . Weak TNK signal was visible in all the layers of the retina, including the inner limiting membrane (ILM) ganglion cell layer, inner nuclear layer (INL), photoreceptor cell layer (PR), and inner (IPL) and outer plexiform layers and in the vitreous gel (✽). The signal was more pronounced in the inner segment portion of the photoreceptor cell layer (✽✽), in the inner limiting membrane and the surrounding matrix. 37 would be cationic, and TNK (the manufacturer's internal investigations resulted in a pI range between 5.5 and 7.7 due to glycolization primarily due to sialylation in an IEF pattern greater than 10) in the pig vitreous (at pH 7.3) 38 would be neutral, anionic, or very weakly positively charged. Therefore, it would have been expected that TNK (without the aid of the dye) would diffuse through the neural retina. Nevertheless, it is possible that the rate at which TNK diffused though the retina was enhanced by the dye. This is unlikely, as TNK is neutral, negatively charged, or not strongly cationic at the pH of the vitreous of the pig and therefore, even without the addition of the dye is unlikely to bind to the negatively charged macromolecules of the neural retina. Similarly, it would not have been expected for tPA to diffuse through the retina, being cationic in the rabbit vitreous. Albumin carrying a negative charge (pI 4.9) (http://biotech.nhctc.edu/BT220/section_1_7_ 0.html) in the rabbit vitreous was able to diffuse though the neural retina.
We believe the failure of tPA to penetrate the retina in the rabbit model reported by Kamei et al. 15 may be due to the charge of tPA and/or may represent a species difference. The rabbit, although used as an experimental model, due to its availability and convenience and because the size of the eye is similar to the human eye, has several features that are different from the human eye. The rabbit eye has a merangiotic (i.e., only partially vascularized with choroidal circulation only, except at the medullary ray/myelin wings) the retina being devoid of intraretinal vasculature outside the myelin wings. It has been shown that the Müller fibers in rabbit are very powerful. The "feet," their radial expansions of their processes as they approach the inner limiting membrane, can be very large. 39 Perhaps having features such as these that are different from the pig and human provides diffusional barriers peculiar to this species.
Our study was conducted on pigs with a holangiotic retina (i.e., fully vascularized, with a choroidal and retinal circulation) similar to humans. In this study, fluorescence labeled TNK was shown to be able to penetrate the majority of the pigs' retinas 6 hours after intravitreal injection (four of six eyes) and all retinas after 24 hours. The labeling was visible in all the retinal layers, indicating that there was no specific barrier to the diffusion process, although there was a slightly stronger labeling at the inner limiting membrane and around the matrix surrounding ganglion cell axons. It is possible that, at these sites, anatomic features led to some retardation of the movement across the retina but permitted a significant amount of the drug to pass through. There was a second fluorescent signal enhancement at the inner segment portion of the pho- toreceptor layer. This may also be due to a slowing down of diffusion at the external limiting membrane where some accumulation occurred or, a lack of TNK penetration into the tightly packed outer segment-RPE complex. This is not unexpected, as we have not induced a retinal detachment or subretinal clots in this study. The fluorescent signal in the retinal layers was more intense in eyes that had been labeled with TNK for 24 hours. At this time point, all the eyes had TNK penetration of various intensities from grade 1 to 3. Three of these eyes had grade 3 intensity, whereas after 6 hours, four of the labeled eyes had intensity of grade 1. These results suggested that the diffusion of labeled TNK was time dependent and TNK retinal penetration was achieved in all eyes 24 hours after injection at a therapeutic dose of 50 g/0.1 mL. There was an individual variability in the amount of TNK penetration. Labeled TNK was also present along the surface of the retina just above the inner limiting membrane, perhaps because some parts of the vitreous cortex which showed TNK label had not detached during dissecting and processing of the tissue. The results of this study suggest that porcine retina, which is very similar to the human in its structure, accurately reflects the ability of TNK to penetrate the retina to lyse an SRH after intravitreal injection in humans.
Toxicity profiles for tPA injected intravitreally were established in rabbit and in cat retina. In the rabbit, at doses greater than 50 g, large necrotic retinal holes, bullous retinal detachment, and marked retinal vessel attenuation occurred. 40 In the human, there are conflicting reports of dose-related toxicity. Hesse et al. 20 reported four patients with SRH who, after receiving 100 g of intravitreal tPA, developed exudative retinal detachment followed by hyperpigmentation of the RPE in the area of previously detached retina. In other studies, eyes appeared to accommodate injections of 100 g/0.1 mL without harmful effect. 6 An absolutely safe intraocular dose of tPA has not been established, and many studies have used a lower dose (25 g). 18, 41 The toxicity of the commercial tPA to the retina has been attributed to L-arginine, one of the components of the vehicle that carries the drug, which prevents self-degradation of tPA. 18 Unfortunately, no commercial tPA is now available without the arginine vehicle, and thus cautious use of commercial tPA is the only way to prevent toxicity in humans.
TNK is a third-generation thrombolytic agent, developed to address some of the shortcomings of tPA. It is a variant of native tPA that has been produced by recombinant DNA technology, having undergone multiple-point mutations. In the treatment of acute myocardial infarction, TNK has been tested extensively in clinical trials (Assessment of Safety and Efficacy of a New Thrombolytic Agent [ASSENT-1] and [ASSENT-2]). [23] [24] [25] It is superior to tPA as it is less toxic (ratio of arginine to drug is a third less than in tPA) than tPA (product information, Boehringer Ingleheim), has a longer plasma half-life (approximately 18 vs. 4 minutes) than tPA, slower plasma clearance, 14-fold greater fibrin specificity, and 80-fold greater resistance to inhibition by plasminogen activator inhibitor (PAI)-I. 21, 22 With its longer half-life and slower plasma clearance, TNK can be given as a bolus injection rather than an infusion over 90 minutes as the case with tPA, to achieve the same thrombolytic effects in acute myocardial infarction. In SRH, where tPA is used in conjunction with vitrectomy, it is impractical to wait for the recommended time of 45 minutes for the full effect of tPA to take place, if one is attempting to aspirate the hemorrhage. Therefore, TNK with its short contact time has a clear advantage. 1 With its high fibrin specificity, TNK binds with a greater affinity to the fibrin-rich clot, and to a much lesser extent, to the circulating plasminogen than tPA. TNK, therefore, is less likely to decrease the availability of plasminogen around the subretinal clot and, with its greater resistance to PAI-I, should be more effective in clot lysis.
In conclusion, we have shown that intravitreal injection of fluorescence-labeled TNK can result in intraretinal diffusion 24 hours after injection. Intravitreal TNK followed by pneumatic displacement may be useful in the management of SRH. TNK will penetrate the retina and is a more effective fibrinolytic agent with potentially less toxic effects. Human trials are being planned to examine the role of TNK in the management of SRH.
